This paper reports the formation and manipulation of ferrofluid droplets at a microfluidic T-junction in the presence of a permanent magnetic field. A small circular permanent magnet with a diameter of 3 mm is used to control the size of the ferrofluid droplets within a microfluidic device. In the absence of a magnetic field, the size of the ferrofluid droplets decreases linearly with the increase of the flow rate of the continuous phase. In the presence of a magnetic field, the size of the droplets depends on the magnetic field strength, magnetic field gradient and the magnetization of the ferrofluid. The magnetic field strength is adjusted in our experiment by the location of the magnet. The induced attractive magnetic force affects the droplet formation process leading to the change in the size of the formed droplets. Experimental observation also shows that the relative change in the size of the droplet depends on the flow rate of the continuous phase. Furthermore, the paper compares the evolving shape of the ferrofluid droplet during the formation process with and without the magnetic field.
Introduction
Droplet-based microfluidics involves the generation and manipulation of discrete droplets in microscale [1] . In contrast to continuous-flow microfluidics, droplet-based microfluidics allows the control of individual droplets. The compartmentalization of liquid within a droplet is useful for many applications [2] , where each droplet can be individually transported, mixed and analysed [3, 4] . In addition, the high surface area to volume ratio and the shorter characteristic time of heat and mass transfer in microscale allows faster reaction which is favoured by many biological and chemical applications [5, 6] . Therefore, the controllable generation and manipulation of droplets are important research topics [7] .
The generation and manipulation of droplets are achieved by either passive or active means. Passive methods generate and manipulate droplets with different channel configurations such as a T-junction [8] [9] [10] [11] [12] [13] [14] and flow focusing [15] [16] [17] [18] [19] [20] [21] . However, these fixed channel configurations only allow the 3 To whom correspondence should be addressed. manipulation of droplets by hydrodynamic means. Active methods handle droplets with externally induced means such as thermal effects [22] [23] [24] [25] [26] [27] [28] , pressure [29, 30] , electrowetting [31, 32] , dielectrophoresis [33] and thermo capillarity [34] .
Recently, magnetism has been combined with microfluidics in an amazing variety of ways [35] . For instance, magnetic nanoparticles attached to biomolecules have been widely applied in biochemical separation [36] , immunoassay [37] and targeted drug delivery [38] . Ferrofluid is a class of nanofluids that contains magnetic nanoparticles. Ferrofluid was used as droplets or plugs in polymerase chain reactor (PCR) [39] [40] [41] , micropumps [42] [43] [44] , electromagnetic pipette [45] , drug carriers [46] , valve [47] , optical filter [48] , mixer [49] and detection of surface defects [50] . In the abovementioned applications, the size of the ferrofluid droplet is an important parameter because its volume and the corresponding magnetization determine the magnetic force needed for the actuation. To our best knowledge, only a very few studies have been reported on the manipulation of the droplet size in a confined microfluidic channel. This paper presents a chip-based method to control the size of the ferrofluid droplets generated at a microfluidic T-junction. The influence of capillary number, flow rates and magnetic field strengths on the formation process is experimentally investigated and discussed. The use of an external permanent magnet allows controlling the size of the formed ferrofluid droplets even if the flow rates of the continuous phase and the dispersed phase are kept constant.
Manipulation concept
As mentioned above, ferrofluid is a special category of smart materials, in particular magnetically controllable nanofluids. These fluids are colloids of magnetic nanoparticles which consist of mainly Fe 3 O 4 magnetites with a diameter of about 10 nm [51, 52] . The nanoparticles are dispersed in a carrier fluid such as water or oil. The surface of each particle is often covered with a surfactant to prevent the agglomeration of particles due to the van der Waals force [53] . Brownian motion prevents the particles from settling under gravity and keeps them randomly dispersed throughout the carrier fluid in the absence of a magnetic field [54, 55] . The small size of each particle and its superparamagnetic property allows the control of the magnetic property of the ferrofluid with negligible hysteresis [56] . In the absence of a magnetic field, the magnetic nanoparticles are randomly distributed and thus the ferrofluid has no net magnetization. If a waterbased ferrofluid and oil work as the dispersed and continuous phases at a microfluidic T-junction, uniform ferrofluid droplets can be generated. The size of each ferrofluid droplet is then determined by the geometry, the flow rates and the capillary number, i.e. the balance between viscous force and the capillary force.
However, in the presence of an external magnetic field, the single-domain colloidal magnetite particles will automatically align themselves along the magnetic field and become magnetized [57] . The magnetization of the fluid interacts with the external magnetic field to produce an attractive body force in the direction of the highest magnetic field. This attractive force on the ferrofluid per unit volume is given by
where μ 0 is the magnetic permeability of free space, M is the magnetization and ∇H is the gradient of the external magnetic field strength. Figure 1 illustrates the magnetization curves for a commercially available ferrofluid (EMG 807, Ferrotech), which is used later in our experiments. Figure 1 shows that in contrast to the zero-field case [58] , a small magnetic field will have a substantial effect in the magnetization of the ferrofluid as long as the magnetic field is below the saturation point. This change in magnetization reduces significantly when the ferrofluid reaches saturation. For the ferrofluid used in our later experiments, the saturation magnetization is approximately 7.3 A m 2 kg −1 when the magnetic field is about 500 mT (flux density in air).
Equation (1) indicates that the attractive magnetic force is proportional to the magnetization and the gradient of the external magnetic field. The field magnitude and its gradient can be adjusted by the distance between the ferrofluid and a permanent magnet. Since the magnetization is proportional to the magnitude of the field, both magnitude and gradient can be used to manipulate and control the size of the ferrofluid droplets formed at a microfluidic T-junction. The magnitude and direction of the magnetic field and the corresponding magnetic force can be easily adjusted by changing the location of the magnet and the separation distance between the ferrofluid and the magnet.
Materials and methods
The test devices were fabricated in polydimethylsiloxane (PDMS) using the soft lithography technique [59] [60] [61] . The design was printed on a transparency film with a resolution of 8000 dpi. The transparency mask was subsequently used for defining the negative SU-8 mould of the microchannels. Sylgard 184 silicone elastomer was purchased from Dow Corning. PDMS was mixed with a weight ratio of 10:1 and poured onto the SU-8 master mould. Thereafter, PDMS was vacuumed for 2 h to remove the gas bubbles. After the degassing process, PDMS was heated at 80
• C for 2 h. The PDMS part was then peeled off from the master mould and fluidic access holes of 0.75 mm were created using a manual puncher (Harris Uni-Core, World Precision Instruments, Inc., FL, USA). The PDMS with the microchannels was subsequently bonded to a flat piece of glass of 0.13 mm thickness using oxygen plasma treatment (790 Series, Plasma-Therm, Inc., FL, USA). A 24 h room temperature curing process ensures the hydrophobic recovery of the PDMS microchannel. The channel has a height of 100 μm. The inlet widths of the microchannels for the continuous phase and the dispersed phase are 300 μm and 50 μm, respectively. The schematic device and experimental setup are shown in figure 2 .
An epi-fluorescent inverted microscope was used to observe the droplet formation process. A CCD camera (Edmund Optics, EO-0413C) was used for recording images. The fluids were delivered to the device by precision syringe pumps (KD Scientific Inc., USA). A small circular neodymium iron boron (NdFeB) magnet of 3 mm diameter and 2 mm thickness generates the external magnetic field needed for the experiments.
In our experiments, ferrofluid (EMG 807, Ferrotech) works as the dispersed phase. The carrier liquid of the ferrofluid is water. At 27
• C, the kinematic viscosity and density of the ferrofluid are ν = 2 cSt s and ρ = 1100 kg m −3 , respectively. The volume concentration of this ferrofluid is 1.8%. The initial susceptibility of this ferrofluid is χ = 0.39. The magnetic nanoparticle has an average diameter of about 10 nm. As the particle size is small, the magnetoviscous effect is negligible [62] [63] [64] . Silicone oil (Sigma-Aldrich) works in the droplet formation experiments as the continuous phase. The kinematic viscosity and density of silicone oil are ν = 100 cSt s and ρ = 960 kg m −3 , respectively. The interfacial tension between the ferrofluid and silicone oil was measured using a commercial tensiometer (Lauda's TVT-2) and is approximately σ = 21.1 mN m −1 .
Results and discussions

Ferrofluid droplet formation in a microchannel
The first experiment was designed to investigate the formation mechanism and the effect of the continuous flow on the ferrofluid droplets at a microfluidic T-junction. The flow rate of the dispersed phase Q d was fixed at 10 μl h −1 , while the flow rate of the continuous phase varies from Q c = 50 to 150 μl h −1 . The flow rates were chosen to cover the transition from the squeezing to the dripping regime [65] [66] [67] . The droplet diameter was measured using a customized MATLAB program. The relationship between the droplet diameter and the flow rate as well as the capillary number is shown in figure 3 . The capillary number defined in terms of the continuous phase is often used to distinguish the droplet formation regimes:
where μ c is the dynamic viscosity, Q c is the continuous phase flow rate, σ is the interfacial tension between the fluids, w c = 300 μm is the width of the channel and h = 100 μm is the channel height. The image sequences were processed using another customized MATLAB program. The MATLAB program reads each image frame and crops it to the region of interest. Subsequently, the greyscale image was converted into a binary image which clearly shows the ferrofluid as a black area. An edge detection algorithm was subsequently applied to visualize the line representing the interface between the evolving droplet and the continuous phase. Overlapping the interface images results in the time-evolving image of the ferrofluid droplet during the formation process. This image serves as a good visualization tool for the droplet formation process. Figure 4 shows the typical evolution of a ferrofluid droplet at the Tjunction at two different continuous flow rates Q c = 50 μl h emerging interface and the opposite wall of the microchannel. Increasing the flow rate of the continuous phase decreases the squeezing pressure. Figure 4 shows that the radius of curvature of the interface becomes smaller and the gap between it and the channel wall grows as the flow rate of the continuous phase increases. In addition, increasing the flow rate of the continuous phase decreases the duration of the formation process significantly. Visual observation confirms that the formation mechanism depends on both the viscous shear rate and the squeezing pressure. Droplets formed in this transition regime are affected by both the capillary number and flow rate ratio [64] . Figure 3 shows a linear relationship between the droplet diameters and the flow rate of the continuous phase as well as the capillary numbers. The range of capillary number from approximately 0.002 to 0.006 corresponds to the transition between the squeezing regime and the dripping regime. In this transition regime, the dynamics of droplet breakup is dominated by both viscous shear stress and squeezing pressure [65] [66] [67] . The results of formation of ferrofluid droplets in the absence of an magnetic field therefore agree with the previous experimental observation and hypotheses about the viscous stress and squeezing pressure caused by the continuous phase.
Ferrofluid droplet formation in a magnetic field
The second experiment used a permanent magnet to adjust the gradient and the magnitude of the magnetic field at the T-junction. To vary the magnitude of the magnetic force on the ferrofluid, the magnet was placed at distances ranging from 2.3 mm to 3.8 mm away from the centre of the microchannel for ferrofluid. To change the direction of the attractive magnetic force, the magnet was placed either upstream or downstream relative to the dispersed phase channel. The distance was measured using a customized MATLAB program. and Q c = 100 μl h −1 , the curvature of the interface changes when the magnet is placed upstream or downstream of the Tjunction. When the magnet is placed upstream, the curvature becomes steeper as shown in figure 5(b) . However, when the magnet is placed downstream with the same distance apart, the interface is more curved as shown in figure 5(c) . As the radius of curvature affects the size of formed droplets [68] , this observation affirms that magnetic force can be used to control the size of the droplets formed at a microfluidic T-junction.
We used a calibration measurement to determine the magnetic flux as a function of the distance to the centre of the permanent magnet. Figure 6 shows the measured magnetic flux density and the corresponding field gradient as a function of the distance. The magnetic flux density of the permanent magnet was measured using a commercial gaussmeter with an accuracy of 1% (Hirst, GM05, UK). A micropositioner (M4508-DM, Parker Hannifin) was used to align and adjust the distance between the magnet and the probe. The same sheet of glass of thickness 0.13 mm was placed between the magnet and the probe to emulate the situation in the droplet formation experiment. Figure 6 shows that the magnetic flux density and magnetic field gradient clearly decrease with increasing distance. The measured data depicted in figure 6 are fitted with a second-order polynomial function to determine the flux density as a function of the distance to the centre of the magnet:
where the units of x and B are mm and mT, respectively. This relationship shows that the further away the magnet, the smaller are the field magnitude and the field gradient. Figure 7 shows the droplet size as a function of the magnetic flux density derived from the distance between the permanent magnet and the T-junction. If the magnet is placed upstream of the T-junction, the size of the ferrofluid droplets is larger than those without an external magnet. However, as the magnet is shifted further upstream, the size of the droplets decreases and approaches the size of droplets formed without the magnet. The difference becomes insignificant when the magnet is placed at a distance beyond 4 mm or when the flux density is less than 12 mT. In contrast, when the magnet is placed downstream of the T-junction, the size of the droplets is smaller than those without an external magnet. Again, the difference in the droplets size becomes insignificant when the flux density is less than 12 mT. As mentioned above, the magnitude of the attractive magnetic force is proportional to both the magnetization of the ferrofluid and the magnetic field gradient. At a position closer to the centre of the permanent magnet, the larger magnetization caused by the large field magnitude together with the higher gradient results in a large attractive force [69, 70] . However, if the separation distance increases, the magnetic force also decreases as both the magnetization of the ferrofluid and the gradient of the magnetic field decrease.
Effect of field strength and location of the magnet
The location of the permanent magnet relative to the T-junction also plays an important role in influencing the size of the formed droplets. If the permanent magnet is placed at the upstream position, the magnetic force pulls the emerging droplet back and delays the breakup process. This pulling force allows more dispersed ferrofluid to emerge, holding it longer at the T-junction. Hence, a larger droplet is formed after the breakup. The breakup moment was captured in figure 5(b) by the sudden change in the displacement of the advancing interface of the droplet. The effect of the holding force can be clearly observed here. In the absence of the magnetic field, the droplet breaks up before the receding interface becomes flat or its radius of curvature goes to infinity, figure 5(a). With a magnet upstream, the droplet cannot break up even when the receding interface becomes flat. In this case, the interface force reaches its minimum value, but the increasing viscous drag force and the increasing squeezing pressure need to balance with increasing magnetic force. Figure 8 shows the droplet formation process, when the magnet is placed at different upstream locations.
In contrast, if the magnet is placed at the downstream position, the magnetic force pulls the emerging ferrofluid droplet forward, figure 5(c). In this case, the pulling magnetic force accelerates the breakup process. Breakup occurs at a radius of curvature of the receding interface smaller than that of the case without the magnet as shown in figure 5(a) . A fast breakup process results in smaller droplets as less ferrofluid is allowed to join the droplet prior to breakup. Figure 9 shows the droplet formation process with the magnet placed at different downstream locations.
Effect of different continuous phase flow rates in the presence of a magnetic field
In a droplet formation process without any external field, the effect of continuous flow on the size of the formed droplet is significant. In most cases, the droplet diameter decreases with the increase in the flow rate of the continuous phase and vice versa. With the presence of a magnetic field, the effect of the continuous phase could be different. In order to investigate the role of the continuous phase under the influence of a magnetic field, the same experiment was repeated using another set of flow rates of Q d = 10 μl h −1 and Q c = 150 μl h −1 . Figure 10 shows the relative change in the droplet diameter versus the flux density. We found that a lower flow rate of the continuous phase results in a larger change in the droplet diameter. The curve of Q c = 100 μl h −1 has a much steeper slope. These phenomena can be explained by the nature of the magnetic force as a volume force. The magnetic force acting on the ferrofluid is proportional to its volume emerging into the continuous phase. At a higher flow rate of Q c = 150 μl h −1 , the volume of the ferrofluid in the continuous phase is smaller; hence, a magnetic force has a smaller magnitude as compared to the case of Q c = 100 μl h −1 . This fact results in a relatively smaller change in the droplets size. 
Conclusions
We have developed a new route for controlling the size of a droplet by using an external permanent magnet. In the absence of a magnetic field, the diameter of the formed droplets varies linearly with the flow rate of the continuous phase. A higher flow rate of the continuous phase results in droplets with a smaller diameter. Experimental observations suggest that both the viscous shear stress and the 'squeezing' pressure are the dominant mechanisms in the droplet breakup process. The corresponding capillary numbers verify this observation as the droplet formation process lies within the transition region between the squeezing and the dripping regimes. In the presence of a magnetic field, the diameter of the droplets can be controlled by the magnetic field gradient, the magnetization of the ferrofluid and the relative position of the magnet. When the magnet is placed upstream of the T-junction, the magnetic force pulls the emerging droplet back and delays the breakup process. The delay allows more dispersed ferrofluid to flow into the continuous phase, thus forming bigger droplets. The distance between the magnet and ferrofluid determines the magnitude of the magnetic force acting on the emerging ferrofluid. A larger separation distance results in a weaker magnetic force, leading to the formation of relatively smaller droplets. When the magnet is placed downstream, the magnetic force accelerates the breakup process. The magnetic force pulls the ferrofluid and causes the formation of smaller droplets. The pulling force and the droplet diameter can also be adjusted by the distance between the magnet and the T-junction. Formation processes with and without the external magnet were compared. The magnetic forces exerted on the emerging fluid change the radius of curvature at the interface during the droplet formation process. A steeper curvature is observed during the droplet formation process when the magnet is placed upstream. However, the net effect of the magnetic force is a complex problem in which the evolving shape of the droplet also plays an important role. Only a complex three-dimensional numerical model with coupled fields could give more insights into the observed phenomena reported in this paper. Furthermore, we discussed the effect of different continuous phase flow rates in the presence of a magnetic field. A higher continuous phase flow causes a smaller difference in the droplet diameter because the magnitude of the magnetic force is proportional to the volume of the droplet. A relatively smaller flow rate of the continuous phase forms bigger droplets due to the presence of a larger volume.
